Rainfall-induced slope failure is a concern in many tropical areas. Global warming causes climatic changes which are affecting rainfall patterns in many parts of the world. Proper assessment and management strategies for the stability of residual soil slopes due to climatic changes and the reduction of the impact of 3 landslides on the environment can be carried out by characterizing the response of soil during rainwater infiltration.
Numerous research works have been conducted in geotechnical and geoenvironmental engineering to study the importance of rainwater infiltration which is the most significant factor in triggering slope failures in tropical regions (Anderson, 1983; Brand, 1984 Brand, , 1992 the effects of rainfall on residual soil slopes using pore-water pressure measuring devices had been carried out by Sweeney (1982) , Pitts (1985) , Fredlund and Rahardjo (1993) , Öberg (1995) , Lim et al. (1996) Despite the existence of abundant field and laboratory data, there are still many uncertainties in accurately estimating the soil moisture, matric suction and groundwater level in relation to rainfall infiltration. There is still great need for quality 4 field data to clarify these uncertainties and it will be valuable to utilize measurements from a fully instrumented slope to clarify some of the important issues in slope performance.
This study attempts to present continuous field measurements of rainfall, infiltration and pore-water pressure; to evaluate the magnitude, time-dependent behavior and contours of these variables and to provide explanations for the variations in pore-water pressure response in relation to rainfall events. This information can then be incorporated into slope stability analyses that account for changes in shear strength of soil due to infiltration. The results are expected to have relevance to other geographical locations under similar climatic conditions and to contribute to the limited literature available on hydrologic responses of slopes in the tropical regions.
To investigate mechanism of rainfall-induced slope failure, two instrumented residual soil slopes were studied. The monitoring results of the pore-water pressure responses were analyzed to give a quantitative understanding of the change in factor of safety of the slope due to rainwater infiltration. Some other monitoring results and their interpretations from both sites were also presented in Rahardjo et al. (2009) . In this paper, numerical analyses were conducted to simulate the field condition. Given the rainfall input data, the pore-water pressure distribution was obtained by performing a transient seepage analysis using the finite element program SEEP/W (Geo-Slope International Ltd., 2004a). The computed pore-water pressure distribution was subsequently used to calculate the factor of safety of the slope by the means of limit equilibrium method of slices using the computer program SLOPE/W (Geo-Slope International Ltd., 2004b).
FIELD STUDY
The geology of Singapore (Figure 1 ) can be classified into three main formations: (a) the sedimentary Jurong Formation in the west, (b) igneous rocks of Bukit Timah Granite in the northwest and centre and (c) semi-hardened alluvium or Old Alluvium in the east, as described in PWD (1976), Pitts (1984) and Leong et al. (2002) . Two-thirds of Singapore contains residual soils of granitic and sedimentary rocks. The two instrumented slopes studied in this paper consist of residual soils from the sedimentary Jurong Formation and the Bukit Timah Granite. 5 
FIELD INSTRUMENTATIONS
Real-time monitoring systems in the slopes were used to study the response of soil slope to environmental changes. The measuring devices installed in the slope consist of jet-fill tensiometers, tipping-bucket rain gauges and piezometers to measure negative pore-water pressure, rainfall and groundwater level, respectively.
At each site, sixteen tensiometers, three piezometers and one rain gauge were installed in four rows as illustrated in the schematic diagram of relative position and arrangement of field instrumentation for Jalan Kukoh and Marsiling Road sites in Figure 1 . Each row consisted of four tensiometers installed at depths of 0.64, 1.31, 1.66 and 2.08 m below the ground surface.
The Casagrande piezometers with depth transmitters being connected to the data acquisition system were used to monitor the groundwater table changes in response to rainfall. Three piezometers at Jalan Kukoh with the piezometer depth of 13, 10 and 16 m were installed at the crest, middle and toe of the slope, respectively.
Three piezometers at Marsiling Road with the piezometer depth of 20, 14 and 11 m were installed at the crest, middle and toe of the slope, respectively.
Data from these instruments were captured by the data acquisition system and subsequently transmitted to a secured website using General Packet Radio Service (GPRS). Data acquisition systems were set up for the full-scale field experiment.
Instrumentation huts were constructed at the crest of the slopes to house the data loggers and power supplies. The data acquisition systems consisted of sensors, cables, data loggers and power supplies. Pressure transducers were used in all the tensiometers and piezometers for automated data collection. The data loggers were configured to collect data at 10 minutes intervals if there was rainfall and at 30 minutes intervals if there was no rainfall. Real-time information can be processed and accessed through the secured website.
RESIDUAL SOIL SLOPES OF SEDIMENTARY JURONG FORMATION AND
BUKIT TIMAH GRANITE
Site Description
The Jalan Kukoh site is located on a natural slope covered with grass at a Figures 2 and 3 , respectively.
Soil Properties
The basic soil properties of residual soils at Jalan Kukoh and Marsiling Road slopes are presented in Table 1 . Soil-water characteristic curves (SWCC) for the soils were fitted using Fredlund and Xing SWCC equations (1994) as presented in Figure   4 . In general, SWCC for the residual soil from the Bukit Timah Granite at Marsiling
Road has a higher saturated volumetric water content, a lower air-entry value, a steeper slope and a higher residual water content than those of SWCC for the residual soil from the sedimentary Jurong Formation at Jalan Kukoh. Permeability functions for the residual soils were estimated using the statistical method and presented in Figure 5 . The SWCC parameters and saturated permeability obtained from laboratory tests, k s , of these materials are summarized in Table 2 .
Shear strength parameters of the clayey sand, silty sand and sandy silt layers were required for the slope stability analyses. The shear strength parameters for an unsaturated soil such as effective cohesion c', effective angle of internal friction ' and  b angle were determined from consolidated drained triaxial tests as presented in Table   1 . In the numerical analysis, the low retaining wall at the toe of Jalan Kukoh slope was assumed to have a unit weight,  = 24 kN/m 3 and a low permeability (k s = 10 -11 m/s).
The retaining wall was assumed as a soil layer with an effective cohesion, c' = 5 kPa and an effective internal friction angle, ' = 40°.
Initial Condition and Boundary Conditions
The finite element mesh used and the boundary conditions for the seepage analysis are presented in Figures 2 and 3 Subsequently, another transient seepage analysis was carried out for the actual rainfall. Flux boundary condition was applied on the seepage face along the slope surface by considering the potential seepage face review. The flux boundary condition was assigned to the ground surface which allowed infiltration to enter at a rate depending on soil permeability and hydraulic gradient and the remaining amount of rainwater will runoff. In addition, no ponding condition was applied to the seepage analyses. It means that the software will check that every node at the ground surface has zero or negative hydraulic head.
The side boundaries below the groundwater table were specified as constant total head boundaries and the side boundaries above the groundwater table were specified as no flow zone or nodal flux, Q, equal to zero. The total head applied corresponded to the hydrostatic condition. Tensiometer measurements in Singapore have been found to have a limit value of 75 kPa negative pore-water pressure (Rahardjo, 2000) . Therefore, a hydrostatic pore-water pressure distribution with a limiting negative pore-water pressure of 75 kPa was set as an initial condition for the slope model in this paper.
Seepage analyses of the Jalan Kukoh slope were performed using SEEP/W and the actual rainfall patterns on 26 September 2008 with a total rainfall of 155.2 mm for 5 h as depicted in Figure 6 . On the other hand, seepage analyses of the Marsiling Road slope was carried out using the actual rainfall pattern of 11 March 2008 with a total rainfall of 74.4 mm for 6 h as illustrated in Figure 7 .
Seepage Analyses
Total head contours were generated using Surfer (Golden Software, Inc.
1997), based on the field measurements of negative pore-water pressure in the Jalan
Kukoh residual soil slope of the sedimentary Jurong Formation before and at the end 8 of rainfall as presented in Figure 8 . Total head is equal to the sum of the elevation head, h e and the pore-water pressure head, h p . Water flow occurs as result of the difference in total head. Comparison of total head contours obtained from the numerical analyses and total head contours based on the field measurements of the Jalan Kukoh residual soil slope before and at the end of rainfall are shown in Figure 9 .
Total head contours obtained from the field measurements in the Marsiling Road residual soil slope from the Bukit Timah Granite before and at the end of rainfall were generated using Surfer as presented in Figure 10 . Comparison of total head contours obtained from the numerical analyses and total head contours based on the field measurements in the residual soil slope from the Bukit Timah Granite before and at the end of rainfall are shown in Figure 11 .
Generally, it can be seen that the total head contours obtained from the field is not observed in Figure 13 (d).
The infiltration rates at the slope face, top and toe due to rainfall on 26
September 2008 at Jalan Kukoh slope as obtained from the numerical analyses are also shown in Figure 6 . The infiltration rates at the slope face, top and toe (i.e. about 20 mm/h) were much lower than the rainfall rate with a maximum rate of 148 mm/h. The infiltration rates at the slope face, top and toe due to the rainfall on 11
March 2008 at Marsiling Road slope as obtained from the numerical analyses are also shown in Figure 7 . The infiltration rate at the top of the slope appeared to be highest, followed by those at the slope face and at the slope toe. The variation in infiltration 11 rate of the residual soil slope from the Bukit Timah Granite at Marsiling Road appeared to resemble the variation in the rainfall rate closely (Figure 7 ) due to the high permeability of the top layer of the slope (i.e., the sandy silt layer). This is in contrast with the variation in infiltration rate of the residual soil slope from the sedimentary Jurong Formation at Jalan Kukoh that did not resemble the variation in the rainfall rate ( Figure 6 ) due to the low permeability of the top layer of the slope. hours. At the depth of 1.66 m below the ground surface, the rate of increase in porewater pressure reached its maximum rate of 3.18 kPa/h during the fifth peak of the rainfall event at the elapsed time of 5.5 hours. At the deeper depth of 2.08 m below the ground surface, only small changes in pore-water pressure were observed as it was not quite affected by the rainfall event. From Figure 16 , it can be observed that the increase in pore-water pressure throughout the depth due to the rainwater percolation in response to a rainfall event has a time lag of about 0.3 to 0.6 hours in this case. In Figure 17 , the percentage of increase in pore-water pressure and the accumulated rainfall are plotted against time using data from the field measurement at Marsiling Road slope. A rapid response of the increase in pore-water pressure due to rainfall is shown at the depths of 0.64 and 2.08 m below the ground surface with the steepest gradient occurred after the second peak of rainfall event (i.e. elapsed time of 2 to 3 hours). The tensiometers located at the depths of 1.31 and 1.66 m below the ground surface showed a slower response in reduction of negative pore-water pressure due to rainfall. After the elapsed time 2.5 hours, the response of increase in porewater pressure at the depth of 2.08 m is faster than the response at the depth of 1.66 and 1.31 m below the ground surface. The presence of high water content of soil as a result of water accumulation at the toe of the slope was suspected to be the cause for the faster rate of increase in pore-water pressure at the depth of 2.08 m.
Slope Stability Analyses
Rainwater infiltrated into the unsaturated zone of the soil and increased the negative pore-water pressure. When the rainwater percolated downward, the matric suction at deeper depths also decreased, causing a reduction in shear strength and subsequently the factor of safety of the slope. As the infiltrating rainwater became lesser than the rainwater percolating downward into the slope, pore-water pressures above the wetting front started to decrease again, shear strength of the soil increased and consequently the factor of safety of the slope started to increase.
The computer program SLOPE/W (Geo-slope International Ltd., 2004b) was used to perform the limit equilibrium slope stability analysis. Bishop's simplified method was selected in the analysis due to its capability in calculating factor of safety with accuracy close to the more rigorous methods Fredlund and Krahn, 1977) . The slope stability analyses were performed by importing the obtained pore-water pressure distributions from the seepage analyses. The time dependent pore-water pressure distributions were used to calculate the factor of safety with time. 5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95 100 105 Tables   Table 1 Basic properties of soils  Table 2 Fredlund and Xing parameters for residual soils 
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